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The toxic marine saponin holothurin A from the Bahamian sea cucumber has

been studied with regard to potency in blockade of responses of phrenic nerve-diaphragv
(PN-D) preparations from the rat and the guinea pig under the additional stresses of
high environmental pressure or variable loading of the muscle. In the rat tissue, the
toxin (H-) and its desulfated derivative (DeH) afford a contrast in sensitivity to the
effects of elevated pressure: (a) the potenct of H- at 1.0 X10-4M is quite high at

14.7 psia, falls sharply as pressure is increased to 130 psia, and then increases
moderately as pressure is further raised toward 330 psia; (b) the effect of increased
pressure tn DeH potency is only marginal. At ambient pressure, the effectiveness of
1.0 X 10- MH- in depressing twitch responses of rat or guinea pig PN-D preparations
is quite high near zero loading of the muscle, and falls to negligible levels as the
saatic loading factor is increased toward IC-20 g/g of tissue. These observations are
interpreted in terms of a working todel for toxin receptors in junctional areas of
PN-D tissues.
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cucumber h~is been stuuied w.ith regard to potency in blockade ofrespconses
of phrenic necse-diaphragm IPN-Dp preparation% from the rat and the
guinea pig under the odditional stresses of' high environmental pressure or
variable loading of the muscle. In the rat tissue, the toxin (H ) and ;Is
desulfated derivative fDeHl afford a contrast in sensitivity to the effects of
elevated pressure: 1a) the potency of H at 1.0 10 'm is quite high at
14.7 psia. falls sharply as pressure is increased to 130 psiai. and then increases
moderately as pressure is further raised toward 330 psia: (b) the effcct of
in'creased pressure on DeH potency Is only marginal. At ambient pressure.
the etfectiveness of 1.0 It) 'm H in depressinlt twitch responses of rat or
guinea pig PN-D preparatio is is quite high near zero loading of tile
muscle, and falls to negligible lev ls as the static loading factor is increased
toss ard 10 20 g g of tissue. The~c observations are interpreted in terms of a
%k orking model for toxin receptors in junctional areas of PN-D tissues.

Recent national emphasis on the useful deployment of man at great depths in the sea for
extended periods of lime has led to increased attention to the toxic hazards stemming
from potential enxenomation by poisonous marine animals. One source of such
hazards is found in the familyt of toxic steroidal saponin esters elaborated by members
of the poisonous echinoderms. e.g.. sea cucumbers and starfish. These animals can pose
a threat to man, directly, through physical exposure to toxins released into sea water, or
indirectly if' the toxins or their dcrtvatives should enter the endogenous food chain .1t
depth. A major example of this class of marine toxins is afforded by the potent anionic
sar,rinin holothurin A (Nigrelli ci al.. 1955) elaborated by the Bahamnian sea Cucumber
Actinopt'ga aga~sNsii Selenka. It contains as important structural units (Fig. I ) a complex
steroid nucleus (Chanley, et al.. 1966). an array of'sugars attached glycosidicallv and a
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Care� prepard hy the Coniniitteeon the Guide for I-ahoratoi Animial Resources. National Academy
of Science% National Research Council.
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half-esteriliti SUll'ale rCeN',ic. This saponin ester at the 1.0 tI0 1 Mi le~ el has previously
been shown ( Fries-s eal., 1967) toexert poerliul and irreversible blocking actions on the
in %itro phrenic her'" diaphragm preparalion ( PN-I)) of the rat, working isotonically
in a normobaric eon ironment of 0O, CO. The desull'ated ester (I1)e is less potent and

less irre ersible in its actions by abOut I order of nmagniutti.I.

The present s"ork oflers an important esfension of' these lindings to PN-f) tissue

toxin interaction beha\ ior under pressuried en ironmental conditions, with the work-

inc tissues saturated \kith lie N, O C(), gas mixtures at total pressures equi\aklnt to
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lFl(,. 1, kriional ,truCitUre of lthe major cornmponient of tioloihurin A.

2(X) 6(M ft depths of sea water. The contrast in sensitivith to the charged (holothurin,
H land uncharged (Iell) marine saponiis. at depth vs at ambient pressure. furnishes

some usef"l ohsersahles f1r probing details of PN-I) junclional receptor f'unction.
Further. the sensiti%. ity' of PN-I) preparations to l as a functioL oft hedegrecot'loading

imposed on the m1nuscle has also been Studied. ViClding SUrprising i nlornration relali\e to

receptor toxin interactrions.

The techniques for " orking deployment ofiin itro PN-I) preparations in a h~ perharic

thermostated chamber, with automated control of paired electrical stimuli to the phrenic
nere ( N-t" itch) and muscle( M-twitch ) and external recordinig of tm itch tensions from
a chamber-mounted force transducer. ha\e been described previously (Friess ai (it.,
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'968). Rats and guinea pigs used for the preparations were selected within the weight
range I ý5 215 g. Unfortunately, limitations on siponin supply restricted experiments

with the guinea pig tissues to the muscle loading sector of the study. The programmed
loading of the muscle tissue in the range 0 20 g g of tissue was set Juring the control
time sector of each experiment.

To meet the tissue requirements for 0, and CO. at the elevated pressures of the
Ile N, 0_ CO. gas mixtures used for hyperbaric saturation. specilic partial pressures
of these metabolically important gases were selected to assure the prolonged PN-I)
tissue , iability (up to 45 mrin of w\orking time at elevated pressures) achieved in recent

w'ork (Friess eIa1.. 1970) with He-containing atmospheres. The gas mixtures were pre-
pared by gauge from highest purity commercial components in a precision mixing mani-
fold, and the compositions were checked by independent analyses for 0 and CO,

content. The mixtures were of the compositiont: He(50",) N(27 ",,) 0(20",,) CO(3 ".).
They were employed at total saturation pressures of 130 and 330 psia. for wlich condi-
tions records of extended viability of the rat PN-D preparation have previously been

obtained.

The holothurin A and DeH were obtained from the Mount Sinai laboratories in
analytical purity. Solutions of these agents in aqueous medium or in the bicarbonate
Ringer ".,ere made freshly before use. Maintenance of aliqutos •if these solutions inl the
hyperbaric chamber for remotely contrc!!kd addition to the tissue bath at the appro-
priate time point during an experimental protocol. was accomplished by means of a

holding funnel s~steni calibrated for deli~ery and an electromnagnetic \alve.
In a typical experiment inol,,ing a PN-I) preparation and a toxin studied undcr high

pressure. the protocol followed the sequence:
I. The PN-I) preparation %%as mounted in the hyperbaric chamber, its Ringer tissue

bath ,as eqUidibrated at 37 C and flushed at I ata for 5 min with 95",, 0, 5 '%, CO, and
a series of normobaric N-twitch and M-Is itch control readings were taken under the
selected muscle load.

2. The chamber i as then flushed vith the dis inn, gas nixtur,Ž for 5 min. and compres-
sion was begun at a rate of If) psig mii. After full pressure and teimperatLure
(37.0 0 4 C) equilibration. the diaphragm \%as worked ,inder electrical stimulus for
3 nun wiih alternate sti:ouli t, ner,,e and muscle at 3-sec initcrals and : 10-sec spacing

o the repetition L.k Ic fo1" each pair of tw\itch responses. The toxin soltiion \,w,, then
added to' the tissue bath .ii its storage funnel.

3. The dilphragm ias then caused to work under stinUlti,,. wkith automatic recording
of twsitch and baseline tensions, until either the N-tw\itch t itsion had been reducedI to

50",, (if its control (prcssuri/ed) fleel. or the preparation had worked for a period
totaling It.5 miii witbhout reaching 50",, reduction in twitch tension. Thi, Itime period
amouiied to a short segment of the mean xlability times under the gi\en pressures.

The bomb pressure \%as then released gradually over the course of 5 min.
4. The preparation \N'us then washed repeatedly \'ith fresh, gassed (95 ",, 0.,," CO,)

Ringer. equilibrated with a fresh bath of ine samw medium and reinserted into the bomb.

The bomnb and its cotitents were then flushed with the 0. CO 2 gas iimixture alt I(W) iiil,

rmin. and the preparation wias finally subjected to 5 more tin of work under I ala of'

0, CO,. with continuous recording of postwash response and baseline tensions during

the normobaric reco' cry inter al.
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A minimum of 2 preparations was employed for each experimental point involving
working exposure to a given toxin at a given concentration and pressure. For those
experiments recording isometric PN-D function under saturation with I ata ofO01/CO:,
the working interval following addition of toxin to the bath was set at 5.5 min.

RESULTS

Toxin-tissue interaction behavior as a function of environmental pressure, consider-
ing tirst the individual toxin effects under varying hyperbaric conditions and then the
sets of contrasts between H and [)eH effects under variation in pressure, forms a con-
plex picture. It is therefore useful to establish a set of characterization parameters
describing the actions of each toxin on the preparation, to permit ready comparisons
as a function of environmental variables. A pattern for such a set of parameters has been
suggested previously (Friess el al.. 1967) in terms of characterization indexes for various
sections of the response vs time records. Considering a representative response vs time
curve (Fig. 2) for a rat PN-D preparation at 330 psia subjected to a 1.0 - 10 s"i con-
centration of H . when working at 10 g Ioading/g of tissue, the curve sectors record the

DOW . 30 S.C To

Fi". . Representative tracing (reading right to left) ofthe action of 1.0 10 'M H on the rat PN-t)
prepara ion at 330 psia. The symbols refer to: P. pressurization. Tox, addition of toxin to the tissue
bath: D & W. depressurization and washing with bicarbonate Ringer. In each pair of twitch responses
the N-twitch occurs first.

phenomena of: (I) a toxin-induced increase (upward displacement) in baseline ten-
sion: (2) progressive blockade of N- and M-twitch responses with increasing incubation
time: and (3) some degree of retention of twitch response capability on depressurization
and washing to remove toxin. These response., are qualitatively similar to those seen
with the PN-D tissue operating isotonically at I ata pressure. Therefore, the same cate-
gories of characterization parameters were extracted from the toxin-lissue response
curves under pressure as those previously tabulated (Friess eta !.. 1967) for the prepara-
tion working under I ata of 01/CO.

The descriptive parameters presently tabulated for the toxin-tissue pressure experi-
ments include: ( I ) a measure of the mean rate of rise of baseline muscle tension as pro-
duced by ii or DeH: (2) the maximum baseline tension relative to the reference
M-twitch tension at the given pressure: (3) measures of twitch tension augmentation, if
any: (4) the extent of reduction of N- and M-twitch tensions at given reference times
after toxin addition to the batlting medium, corrected for twitch tension changes in
control hyperbaric preparations: and (5) the extent of recoverv of N- and M-twitch
tcnstsiv tiuwoar6 piepressurzattun control levels I'ollotig 4epressuritatton and re-
moval of toxin by washing with 0,!CO, gassed Ringer medium. These parameters, for
experiments with rat PN-D preparations worked isometrically at 14.7 p~ia in bicarbo-
nate Ringer saturated with O,(95 0 ,)/CO2 (5",;, and at 130 and 330 psia with the
He/N 2,Oy,iCO 2 gas mixture, are summarized beginning with Table I. Table I presents



I - - -

- '-I -t
C - -

- I -� -
'C �C

*1* - -

C �i I' - '

- �1* '�I *1* -.
ri �c ri v- '

'C ft ir r., 4 - ri rs
I � �1 ' ri .r, �r,

- I - -I. C I 4. N .�, -

'a

I -,

ft r, I:4,*�i

ft

Ci

= = =� = I I
'a 'a '.4 'a 'a 'a 'a

C'

.1,�

-- -C.� N N NNOZOO NNNN�C�

-- -- *ft-------ftft

4' -,p
'a -. '-. '.

4' " -.
- � '-. -I
- - '-I �.4

C
4' - '- z

'a 'a

I I ''C

'a

4'

,
= 'a
- 'a
- - CC

'a

- C

- I -. 'a -

- CC C

�. 'a Z '.4 -- 'a f-f C 'a
'a C- �

I- C -

C 'a'a'a
-

'a.-- C 'a



120 IRII'SS II Al..

0 c

o -

,, -- V.",
-- ~ -;_ r-O' o

0 -S

- I,- - - .

' " • - : . . .. ~ C l l / ~ I i i J l • .. .• . .. •



S IRLSS I I I LCI AN D SAPONiN 121

rn~

i-i rl cl - i ri -- !

V V ~ r-o~ r-M

-~~~~ý LWi - V ~

C. 2

Z ZZ

= ~ =~ to
a

5--0

0 0 to



122 ItRiss I Al.

data for the changes in PN-I) response helmh,"or relating to the rates .,i rise and the
maxnimurn increases in baseline tension. Also InclUded InI Table I. f'or rel'erence pur-
poses. are data on toxin-induced baseline changes pre% iousl cited for l! and dl)eIt
actions on the PN-D preparation worked isotonicalls under 14.7 psia of 03, (C()
(Friess et al.. 1967). Table 2 contains the resLiltS or, augmentation block-de of twitch
response tensions at times carls (270 330 sec) and late (5X) 630 sec) in the periods of
incubation wý,ith toxin, together Niith notations on t, itch blockade reversibilitN f'ollo%,ing
depressuri/ation and wNashing.

3~ ~ ~ ~ ~ N 7w.., ••-Crh ,':

40~

t i - 7 30
+y

tissue 3.effects o1clag n the t en s iron e niat pressure, onit N-e nandMture o lokai t he rcIndn\ats

bearing a direct link to the charge character of the toxin. These points are best ilILus-
(rated by the set (if repr,,entative curve trends drawn f'rom data of* Tables I and 2 and
sketched in Fig. 3.

Figure 3 records the effects of total pre-Iilre (,% !wil -h blocknt,!e tAidexes f'0. N- an
M-tmiih responses (isometric. 10 g.'g of tissue) at the refecrence ltime intersal 270 330
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sec t'ollo~ ing addition of' saponin to the hat t. for and D ell iat 1.0 10 s.
respectisely. It is to be noted that the blocking potenc% of anionic 11 is %ery pr--ssuirc-
dependent in termis ot effects onl both N- -ind M -tmsitch responses 'the si ponmn potencN
tirst falls sharpl% as the total enl\ rionnmeiral prt:ssuire is increased hiorn 14.7 to 130 psia.
and m en increases mioue,.jil ats thci oam;icitR I,, siic fu krther ritiscut tomitits ý.i3( psia.
In the case of Dlie. the 0l'ect olfainhient pressuire onl rclati'.e potencyN is ýirin~all\ nlil fotr
N-tssitch re-p;xn'cs anid onfls marginal \%il ith rspect to sli12ht decreases ill M-to itch
tension as, pi essure tr;is ersesl the range 1 4.7 310 psia,

Theceffects oL'eraded mnusJCl tension ontil sI I i t'i ofTN- 1) t issues to ftttino ionalI attlack
b\ 11 hase also keen stu11d. iedsing pr-cparations f'rom the rat and the guinlea p1g. " lie
daI ta from thesces cpertinent altiord somne Surprises iii termis oft thc dependence of'

1-(.4.1Iecso nIICC a in- o tistc onp l - t .0 1 tII i lck d fa -- 1
t~kl~h espnseand(in hane i hafin tenion Unt, in a~chic en~on f-dnatemc cl~ti~ itcnrl%-%.chIcionIM

saoi oec ntedge o1.ccIidn.FTI 'or ersnaiceieiet

Fintma. I. 1teis fn Sect,, tror1-ad 4 tha g oth issuction ieness of t1.0t tO t tin hokini dep I'~n -
btwth rtoN- c and on ich nrespin hses tic tanson UNiis on thas elnetension otimae die qitetii pro-

naouncn potency loadn tdgr of'i muscle. lodiingFirhs t,%a from rbpockingais epoerýInthen
uoaing the inreat e PN pepration ratg 14. 6si gprossure(. and theelfectas of~ a.0 It)e
Hlond N-eanNtAichs1 f repos~tes uIh and b;aseline tension inreat se t presapotli bi\ .1 is m
lscel tohrqie shonsin Fii. 4o asc ae fucioof degree o loading: of thelak mslare ihcreaseiin

nouelced ateron loading oft hem msleadiminishes t0osag d zeof block)ing "I\t p rot gre ssth

iisely smaller s%. ionin-induIced increases as the muscle load approaches X lOg gof' tissueC.
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The full set of'data on the variation in efficacy of 1.0 • 10 ' M H actions on PN-I)
preparations from the rat and guinea pig, as a function of muscle loading and reference
time of incubation of toxin w ith tissue, is summarized in Table 3. The incubation times
sele :ed as representative of early and late effects on the tissues were taken at 150 and
330 sec. respectively. F-rom Table 3 it can be seen that the generalizations drawn in dis-
cussion of Fig. 4 for the rat PN-D at 330 sec of incubation apply quite well to the effects
of change in tissue loading on the potency of 1.0 - 10 1 M H in either rat or guinea pig
tissues, at both long and short incubation times. Pronounced toxin effects on N-twitch,
M-twitch and baseline tensions found at low muscle loadings rather generally lade to
negligible levels as the static loading factor is increased toward 10 g'g tissue for the rat
and 20 g g tissue for the guinea pig preparation.

DISCUSSION

The present findings on the effects of elevated environmental pressures and variation
in muscle loading on working PN-D tissues, leading to perturbation of H DeH actions.
offer some unexpected elements of insight into possible modes of interaction of toxin
with tissue receptors. Beginning with the observations that initial increases in pressure
and muscle loading cause a sharp drop in the potency of H as a twitch blocking agent,
it is clear that a suitable model for toxin-sensitive receptors must be accommodated in a
tissue locus which is readily susceptible to influence by external stresses imposed from

EI H --FI

Fi,. 5. Po,,l-tted creas,,e nodel for H -%enitie membrane receptors.

the ph',sical en ironment. Such a locus in the junctional area has been inoked pre-
% iousl) (Friess ei al.. 1965) to account for features of H i)eH interactions with PN-I)
tissues in the form of a shallow surface -'pore- or crcvasse. as illustrated in Fig. 5. In
this figure. F, surface sites susceptible to H attack are pictured within the interior con-
tours of I-hallo% depressions located bclos% the PN-I) nerve terminals on the post-
junctional membrane, contiguous to pore surface areas E, characterized by binding
properties similar to those of the enz\ me acetylcholinesterase. For this toxin receptor
model, initial distortion of the interior surfaces of a gi\en pit or cre'asse by increased
environmental pressure or loadding-stretching of' muscle fibrils could well diminish the
degree of lit of H to the F I binding loci. The further observation that blocking actions
of l)cH are considerably less sensitive to external pressure than those of H (Fig. 3)
could in turn be accommodated bh, the possibility that major DeH binding occurs at or
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neat the top of a receptor crc' asse. in it lesser spatial proximity to the interior, def'orm-
ablc F,~ Stirt'ace loci. These postulations are also in accord Asith thle prev.ious finding
(Fries et al.. 1967) that IDeH is able to effect at considerable degree ol' protection of'
PN-DI excitabilitx against thle irres ersible blocking actions of' 1-H thle binding of' DeIli
in blocking nio0de near thle top suirfaces of a receptor crevasse Could %kell impede both
tree access of' H to intimate contact msit h V, surf'aces at depthI and subsequent
binding-disruption atl those surf'aces.

Fi-alls, a satist'actors m1oelM t'or 11 -receptor interactions in PN-l) tissues should
also adapt to thle present finding. R 11. 3) that still higher external pressures, near 3
psia. act to restore sonme of'thle 11 block inrg potenc\ that is lost at 130) psia. "I hecres asse
receptot model of' Ireg. 5 is sujlicientlx tlexible to afford at rationale f'or this point: Coll-
finriaton of the surf'ace defomnation hx increase in total pressure could lead it) ultimate
loss of' pit or crc' asse structure in fthe !I -receptor areas of' thle membrane and futller
funictional exposure of afll buried I ,sites to desiructix e attack b-, H ions from solution
phase.

[hisl, alterattion inl lN-:) senitix it, t It under high emterma) pressures could pri-
marits reflect at direct pert urbat ion On mem branle sutrface Conf i guira tion bN total press~ure
per se, butl tire possibilit\ also arises that ail elesated partial pressure of (0Ž in the gas
phase ma\ contribute to the process of' reemergernce of' 11 sensmit i iv R ecalliiig that
rat PN - [)issues dlispla\ a posi tix ei \inxtin requniremient f'or HC() ions (Shass aiid
Stadie. 1957. 1959). it is at least inrtriguing ito note the possi bility that si/a ble concerntra-
tions of 11(0 loils- in Solution created h\ high gaseous P(, le~cs ellsma) fLI)Clknet in i i part
to retain tire operational rntegrit\ oft'issue receptor areas serisitike to attack b\ anionic
suire'tarits like 11 .Viess ed ats at problem in retention of' abilit\ to eate the actis e
fluxi ,I'o Nii . K and (ait ions at mrnenbraiie-localiied receptors. thle iegatis clv
charged bicarbonate ion could \%eclf participate in riai ntenance of'surf'ace configuration
at receptor loei against high pressure stresses. Protection of configur;.tion by' electro-
static binding, beiseen adjacent polar heads of* membrane-bound lipid mlolecuiles miehit

be Pictured in the f'orm of' ionic coniplexes like NR, H(0, N R ,ssithiin pores
or cres asses. contributing to resistance aeainist def'ormnation.
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